Wet flue gas desulfurization (WFGD) wastewater contains a considerable amount of Cl -, which can cause equipment and pipeline corrosion and even reduce desulfurization efficiency. An electrocoagulation (EC) process with three-dimensional electrodes, consisting of layered double hydroxide (LDH) compounds as granule electrodes and Fe as plate electrodes, was adopted to remove Cl -from WFGD wastewater. Two kinds of layered double hydroxide compounds, ZnAl-NO3 layered double hydroxides (LDHs) and MgAl-CO3 calcined layered double hydroxides (CLDHs), were comparatively investigated as granule electrodes and coupled with an EC process. The feasibility and effectiveness of layered double hydroxides as granule electrodes for Cl -removal were proven by X-ray diffraction (XRD) and Fourier transform infrared (FTIR) characterization. The morphology and thermal stability of the layered double hydroxides were further demonstrated by means of scanning electron microscopy (SEM) and thermogravimetry (TG). When ZnAl-NO3 LDHs were used as the granule electrode, the removal efficiency of Cl -reached 84.19% at an electrode spacing of 1 cm, a current density of 444 A/m 2 , and an electrolysis time of 20 min. When a MgAl-CO3 CLDH granule electrode was used, the removal efficiency of Cl -reached 83.78% under an electrode spacing of 1 cm, a current density of 333 A/m 2 and an electrolysis time of 20 min. Cl -removal was enhanced by the coupling of the EC process with adsorption by layered double hydroxide compounds.
INTRODUCTION
By the end of 2017, the total capacity of coal-fired power plants equipped with flue gas desulfurization (FGD) units was 123,578 MW [1] in China. The limestone-gypsum wet flue gas desulfurization (WFGD) process has high desulfurization efficiency and low operation cost [2, 3] . This technology is widely applied in coal-fired power plants in China. However, a certain amount of wastewater with an extremely complex composition must be discharged regularly from the WFGD process. In general, desulfurization wastewater mainly contains a large amount of soluble salts (especially Cl -), suspended solids and trace heavy metals [4] . High concentrations of Cl -are difficult to address in desulfurization wastewater for most coal-fired power plants [5] , which leads to many negative effects. Such effects include the corrosion of rendering equipment and pipelines and even indirect effects on the desulfurization efficiency [6] . Therefore, WFGD wastewater must be discharged with adequate treatment. To date, many Cl -removal technologies have been applied in desulfurization wastewater treatment systems, such as chemical precipitation, evaporation crystallization, electrodialysis, and reverse osmosis (RO). However, there are many problems with these methods. In most domestic coalfired power plants, the chemical precipitation method cannot easily remove the high concentration of Cl -in WFGD wastewater [4] . The operation and maintenance costs of evaporative crystallization and electrolysis-electrodialysis processes are too high [7, 8] . Membrane fouling in RO leads to higher operating pressure and reduces membrane life [9] . In recent years. EC has become an attractive method for industrial wastewater treatment and has been applied in WFGD wastewater treatment abroad [10] . Our group adopted EC technology to treat desulfurization wastewater, and the effects of initial pH, electrolysis time, cell voltage and electrode spacing on the removal of turbidity and heavy metals were studied [11] . For the EC process, there is no need to add chemical reagents, and therefore, no secondary pollution risk happens. Moreover, EC can be coupled with other technologies to form an advantageous combined process with more economical and reasonable properties for purifying wastewater [12] .
Layered double hydroxides (LDHs) are promising anion adsorption materials for wastewater treatment on the industrial scale [13] . The structure of a typical LDH can be expressed by the following formula:
[ [19] . In this study, ZnAl-NO3 LDHs and MgAl-CO3 CLDHs synthesized by a coprecipitationhydrothermal method were introduced for the first time into a traditional two-dimensional electrocoagulation reactor. Thus, a three-dimensional electrode system was constructed for Cl -removal in desulfurization wastewater, and the adsorption merits of LDH/CLDH were integrated with electrochemical technology. To the best of our knowledge, few studies have reported this novel technology. The addition of CLDH as a granule electrode improved the Cl -removal performance. The chlorine loading effect of the granule electrodes was verified by XRD and FTIR characterization.
EXPERIMENTAL

Materials and preparation
The ZnAl-NO3 LDHs, MgAl-CO3 LDHs and MgAl-CO3 CLDHs were synthesized by using a coprecipitation-hydrothermal method. Mg(NO3)2·6H2O and Al(NO3)3·9H2O with a M 2+ /Al 3+ molar ratio of 2.0 were dissolved in decarbonated water in a 500 mL flask (M=Mg or Zn); a 0.2 M concentration of the desired anion (NO3 -or CO3 2- ) and 2 M NaOH were simultaneously dripped into the nitrate mixed solution with stirring under a nitrogen atmosphere. The synthesis of MgAl-CO3 LDHs does not require a N2 atmosphere. The final pH of the mixture was maintained at approximately 9.0 for ZnAl-NO3 LDHs and 10.0 for MgAl-CO3 LDHs. The resulting slurry was hydrothermally treated at 70℃ for 24 h to improve its crystallinity. Then, the products were dried at 100℃ for 24 h and ground to obtain ZnAl-NO3 LDHs and MgAl-CO3 LDHs. The prepared MgAl-CO3 LDHs were finally calcined at 500℃ for 3 h in a muffle furnace, and MgAl-CO3 CLDHs were obtained.
Characterization
The crystal structures of the materials were analyzed by XRD using an XD-3 diffractometer (Beijing Puhua General Instrument Co., Ltd.) with Cu Kα (λ=1.5406 Å) radiation (36 kV and 30 mA) at a scanning rate of 5 min −1 . The LDH samples were used to prepare KBr pellets, and FTIR spectra in the range of 4000-650 cm -1 were recorded with an MB154S FTIR infrared spectrometer (Bomen, Canada).
TG and DSC analyses of the LDH samples were performed under a nitrogen atmosphere using an SDTQ600 TA (US) at a heating rate of 10℃/min in the temperature range of 30-700℃. SEM analyses were performed on a LVXJSM6360 scanning microscope at an accelerating voltage of 5 kV. Postsorption characterization: A 200 mL volume of wastewater was mixed with ZnAl-NO3 LDHs (e.g., 0.4 g) at a stirring rate of 300 rpm for 6 h under a nitrogen atmosphere. After reaching equilibrium, the residual solid was characterized by XRD and FTIR. Correspondingly, MgAl-CO3 CLDHs were characterized by a similar procedure to that used for ZnAl-NO3 LDHs.
Apparatus
The EC reactor was composed of a 1.6 L liquid reaction cell, and two parallel Fe plates (20×4.5 cm 2 ) were immersed vertically into wastewater with an electrode spacing of 1-3 cm. Fig. 1 shows the three-dimensional electrocoagulation reactor. where C0 (mg/L) and Ct (mg/L) are the initial Cl -concentration in raw water and the concentration at time (t), respectively.
RESULTS AND DISCUSSION
Characterization of ZnAl-NO3 LDHs, MgAl-CO3 LDHs and MgAl-CO3 CLDHs
The XRD patterns of ZnAl-NO3 LDHs, MgAl-CO3 LDHs and MgAl-CO3 CLDHs are shown in Fig. 2 . The results show the characteristic diffraction of ZnAl-NO3 LDHs and MgAl-CO3 CLDHs before and after Cl -adsorption. MgAl-CO3 LDHs have no Cl -adsorption effect, but only XRD characterization is used to reflect the structural change in MgAl-CO3 LDHs after calcination, that is, the change to MgAl-CO3 CLDHs. The sharp and symmetrical diffraction peaks shown in Fig. 2(a) indicate good crystallization. The interplanar spacing of ZnAl-NO3 LDHs is 8.91 Å, according to the calculation from the basic peak by the Bragg equation, and this value is similar to the reported literature [20] , which indicates that NO3 -was successfully intercalated into the layers of Zn-Al LDHs. As shown in Fig. 2(b The diffraction peaks from the XRD pattern of MgAl-CO3 LDHs (shown in Fig. 2(c) ) were indexed to a hexagonal lattice with rhombohedral 3R symmetry. The basal peaks for the (003) plane indicate that the basal diffraction of carbonate ions entering the interlayer of Mg-Al LDHs can be obtained by using the Bragg equation [21] . Fig. 2(d) shows the pattern of MgAl-CO3 CLDHs, the calcined product of MgAl-CO3 LDHs. The characteristic diffraction of the observed Mg(Al)O phase is ascribed to the collapsed layered structure after calcination, such that the loss of interlayer carbonate anions and water happens and amorphous mixed metal oxides are formed [22] . As shown in Fig. 2(e) , after the adsorption of Cl -, the relative positions of the diffraction peaks are weakly symmetrical and broad; the calcined products of LDHs can be transformed into mixed metal oxides with a high specific surface area; the Cl -in solution can be reabsorbed; and the layered structure can be partially restored [10] . The FTIR spectra of all synthesized LDH samples are shown in Fig. 3 . The strong and broad band from 3600-3400 cm -1 is ascribed to the stretching vibration of O-H in the hydroxide layer and interlayer water [23] . The broad band at 1644 cm −1 is related to the bending vibration of H-O-H (δH2O) of interlayer water molecules [24] . In Fig. 3(a) , the small strong peak at approximately 1384 cm −1 is attributed to the antisymmetric stretching mode of the nitrate anions present in Zn-Al LDHs [25] . For the MgAl-CO3 LDHs in Fig. 3(c) , the band at 1429 cm -1 can be attributed to the antisymmetric stretching mode of carbonate. As seen in the FTIR spectra in Fig. 3(d) , calcination partially destroys the crystal structure, consistent with the XRD pattern in Fig. 2(d) , perhaps because of the partial loss of interlayer carbonate anions and water [26] . The band at 752 cm −1 present in the region from 400-800 cm −1 is attributed to the vibration modes of Mg-O, Al-O and Mg-O-Al in the LDH, as reported previously [24] . Fig. 4 (a) shows that the material is composed of sheets that accumulate to form aggregates, and LDH sheets with partially slick surfaces are observed, which indicates the high crystallinity of ZnAl-NO3 LDHs. As shown in Fig. 4 (b) , the MgAl-CO3 LDHs have a rough and bright surface. For the MgAl-CO3 CLDH sample in Fig. 4 (c) , calcination further reduces the granule size of the CLDH sheets, collapse of the layered structure occurs, and some irregular scattered sheet structures are formed [27] .
TG and DSC are commonly used methods to characterize the thermal stability of LDHs. Fig. 5 shows the TG-DSC curves of MgAl-CO3 LDHs, MgAl-CO3 CLDHs and ZnAl-NO3 LDHs. For MgAl-CO3 LDHs (in Fig. 5 (a) ), there are two weight loss stages: 10.93% from 24.47℃ to 177.40℃ and 25.99% from 170.40℃ to 664.10℃. The first stage is attributed to the loss of interlayer and physisorbed water, while the second stage is due to the decomposition of interlayer carbonate and the release of hydroxyl ions from the layers [27] . The results are further proven by three different endothermic peaks at approximately 178.52℃, 227.56℃ and 259.62℃ in the corresponding DSC thermogram.
Similar to MgAl-CO3 LDHs, two weight loss stages happen for MgAl-CO3 CLDHs (shown in Fig. 5 (b) ) in the range of 30.01-254.43℃ and 254.43-675.52℃ that correspond to a weight loss of 19.20% and 26.45%. The first mass loss is not obvious and is due to the adsorbed interlayer water [28] . The second stage of weight loss represents the further decomposition of interlayer carbonate [22] , with an endothermic peak appearing at approximately 214.51℃. Fig. 5 (c) shows the weight loss in the case of ZnAl-NO3 LDHs. There were two weight losses at 29.74-208.21℃ and 208.21-633.86℃, and the first weight loss interval (15.05%) was attributed principally to hydration and physisorbed water. The second weight loss (23.39%) was ascribed to the decomposition of interlayer nitrates and dehydroxylation of the layers in the range of 208.21-633.86℃. The DSC thermogram shows two distinct endothermic peaks at 200.07℃ and 386.35℃, which are caused by the partial loss of ·OH from the hydroxide layer and decomposition reactions [29] . 
Effect of current density on Cl -removal
As shown in Fig. 6 (a) and Fig. 6 (b) , the optimal Cl -removal efficiency was 84.19% for ZnAl-NO3 LDHs as the granule electrode and was obtained with an electrolysis time of 20 min and current density of 444 A/m 2 . In the case of MgAl-CO3 CLDHs, the maximum Cl -removal efficiency was 83.78%
at a current density of 333 A/m 2 . However, with increasing electrolysis time and current density, the removal efficiency of Cl -gradually decreased. Cl -could be removed efficiently at a lower current density. For chlorine-containing wastewater, the following reactions accompany the process of electrocoagulation [30] : Cl The discharge potential of Cl -is 1.2 V (versus SCE). When the anode potential is higher than 1.2 V, Cl -oxidation occurs as reaction (2) . During electrocoagulation, reactions (3) and (4) will then happen, and some gaseous chlorine escapes from the electrocoagulation reactor and is then dissolved in solution [31] . 
Effect of electrode spacing on Cl -removal
The space between electrodes directly affects the voltage drop, energy consumption and pollutant removal efficiency. When ZnAl-NO3 LDHs are used as the granule electrode, the current density is constant at 444 A/m 2 . When MgAl-CO3 CLDHs are used as the granule electrode, the current density is constant at 333 A/m 2 . The removal efficiency of Cl -with different electrode spacings and electrolysis times is shown in Fig. 7 (a) and (b). When the electrode spacing is 1 cm, the removal efficiency of Cl -is significantly higher than that at 2 cm. In Fig. 7 (a) , as the electrolysis time increases from 10 to 20 min, the removal efficiency of Cl -increases from 74.87% to 84.19%. According to Fig. 7(b) , the removal efficiency of Cl -increases from 62.86% to 83.78% as the electrolysis time increases from 10 to 20 min.
However, the removal efficiency of Cl -decreases gradually as the electrolysis time increases. In the process of electrolysis, the thickness of the double layer formed becomes greater with smaller electrode spacing, and the distance from charged ions to the double layer becomes shorter. The movement resistance of ions in solution was reduced with smaller electrode spacing, thus improving the processing efficiency [32] . 
Comparison of Cl -removal efficiency from wastewaters via similar methods/materials
